Abstract The purpose of the study was an assessment of left ventricular diastolic function in children after the successful repair of aortic coarctation (CoA). The prospective study concerned 32 pediatric patients after the CoA surgery. Tissue Doppler imaging parameters including strain and strain rate and the conventional echocardiographic indexes were analyzed in patients and healthy controls. Analysis of mitral annulus velocities, E-E 0 ratio, strain, and strain rate of left ventricular mid-cavity segments and conventional indexes of mitral inflow showed the worsening of left ventricular diastolic mechanics in the study group compared to healthy controls. The E/E 0 ratio was significantly higher in the study group compared to the control group (8.30 ± 3.24 vs. 6.95 ± 1.36; p \ 0.05). The early diastolic strain rate to late diastolic strain rate ratio as well as early to late diastolic strain ratio of the left ventricular mid-cavity segments were significantly lower in the study group compared to healthy controls (1.81 ± 0.63 vs. 3.74 ± 1.53; p \ 0.001 and 1.20 ± 0.49 vs. 3.41 ± 1.26; p \ 0.001). No differences of the pulmonary venous flow parameters between those two groups were observed. The left ventricular diastolic mechanics in hypertensive patients after CoA repair did not differ from normotensive subjects. Hypertensive and normotensive children after surgical repair of CoA are found to have worsening of the left ventricular diastolic mechanics suggesting the impairment of the active myocardial relaxation.
Introduction
Invasive measurement of the left ventricular late diastolic pressure is still considered the most accurate method in the diagnosis of left ventricular diastolic dysfunction. Currently echocardiographic examination is the most commonly used method to assess left ventricular diastolic function in routine daily practice [1] [2] [3] [4] . Recently, Tissue Doppler imaging (TDI) with analysis of mitral annulus motion velocities is a tool of special significance in evaluation of left ventricular dysfunction in adults [5] [6] [7] [8] [9] . Noninvasive diagnostics of the left ventricular diastolic dysfunction in pediatric patients is still based on conventional echocardiographic Doppler parameters. The literature provides few reports on usage of TDI parameters in the assessment of left ventricular diastolic function in children with various pathologies that may lead to diastolic heart failure [10] [11] [12] [13] [14] [15] [16] .
Worsening of the diastolic function in echocardiographic examination in hypertensive patients is frequently observed before the typical left ventricular concentric hypertrophy [17] [18] [19] . The tendency to myocardial remodeling is observed in children after the aortic coarctation repair [20] [21] [22] . Therefore, we would like to test the hypothesis that both normotensive and hypertensive children manifest abnormal diastolic mechanics the number of years following successful repair of coarctation of the aorta.
Our prospective study aimed to analyze the left ventricular diastolic function in pediatric subjects in the long follow-up after the successful surgical repair for coarctation of the aorta.
Patients and methods
The study protocol was approved by the institutional ethics committee. Informed consent was obtained from the all parents and appropriate adolescents.
The study involved 32 children (including 20 males) after a successful cardiosurgery for aortic coarctation with a mean age of 12.01 ± 4.24 years and without any coexistent heart anomaly. A good result of the cardiosurgery was defined as systolic pressure gradient between the right superior and inferior limbs below 20 mmHg measured with a sphygmomanometer and the normal profile of the flow at the aortic isthmus assessed by conventional Doppler imaging.
Patients underwent the repair of aortic coarctation at an average age 3.8 ± 4.0 years. Repair was by end-to end anastomosis in 20 patients (62.5%) and by subclavian flap in 12 children (37.5%). The current studies were performed 8.2 ± 3.3 years after the surgery. No patients were on antihypertensive medications.
The control group consisted of 34 healthy children (22 and 12 girls) who were matched for the age, body surface area, and mean heart rate with the study group.
The study group was divided into the arterial hypertension subgroup (CoAHT) and the normotensive subgroup (CoANT) based on a standard measurement of blood pressure according to the guidelines set in the fourth report on the diagnosis, evaluation, and treatment of high blood pressure in children and adolescents [23] .
Left ventricular mass was determined employing the Devereux formula [24] based on measurements of the left ventricular size in M-mode and presented as an index value adjusted to the body surface area [left ventricular mass index (LVMI)].
The left ventricular diastolic function was analyzed using both TDI and conventional Doppler technique. Conventional Doppler technique included the analysis of the mitral inflow pattern, isovolumic relaxation time (IVRT), and flow in the superior right pulmonary vein.
The following parameters of the mitral inflow pattern were assessed: the maximal velocity of early filling wave (E), the maximal velocity of atrial filling wave (A), E to A velocity ratio (E/A), the time velocity integral of E wave (ETVI), the time velocity integral of A wave (ATVI), E to A TVI ratio (ETVI/ATVI), the A wave duration (DA), the E wave deceleration time calculated as a duration of negative slope of E wave (EDT).
Based on the analysis of the right superior pulmonary vein flow the maximal systolic flow velocity (S), the maximal diastolic flow velocity (D), S to D velocity ratio (S/D), the time velocity integral of S (STVI), the time velocity integral of D wave (DTVI), S to D TVI ratio (STVI/DTVI), the maximal velocity of pulmonary vein atrial reversal flow (Ar), the time velocity integral of Ar wave (ArTVI) and the duration of Ar wave (DAr) were assessed. In addition, the analysis of mitral inflow and pulmonary vein flow patterns allowed for evaluation of the following parameters: DAr to DA ratio (DAr/DA), ArTVI to ATVI ratio (ArTVI/ATVI) and the difference between the duration of Ar and A waves (DAr -DA).
Evaluation of the left ventricular diastolic function using TDI was based on the velocity of mitral annulus motion and the velocities of mid-cavity segments of septal, lateral, inferior, and anterior left ventricular walls.
Maximal velocities of early and late diastolic mitral annulus motion were analyzed (E 0 and A 0 ) and then E 0 /A 0 ratio was calculated. Moreover, E 0 to E ratio was analyzed. The early and late myocardial diastolic velocities for the mid-cavity segments of septal left ventricular wall (SWE 0 and SWA 0 ) were evaluated like demonstrated in the Fig. 1 . Subsequently SWE 0 /SWA 0 ratio was calculated. The analysis of myocardial diastolic velocities for the mid-cavity segments of lateral, inferior, and anterior left ventricular walls were performed the same way. The final results of the myocardial diastolic velocities of the mid-cavity segments were presented as arithmetic means of E 0 , A 0 and E 0 /A 0 ratio, respectively, for the mid-cavity segments of the septal, lateral, inferior, and anterior walls of the left ventricle.
Echocardiographic scans in the form of five consecutive beat loops for the analysis of strain and strain rate were acquired using TDI with color-coding at a maximal available in individual patients frame rate (minimum 90 Hz) and simultaneous ECG monitoring. All of the patients were in sinus rhythm in ECG. Subsequently, the analysis applied Q-LAB feature based on an averaged curves of five consecutive beats like demonstrated in Fig. 2 . Global strain rate (SR) and strain (e) values for the mid-cavity segments of the left ventricle in early and late diastole were determined as arithmetic means of strain and strain rate, respectively, for the mid-cavity segments of the septal, lateral, inferior and anterior walls of the left ventricle. The following parameters of the global longitudinal strain rate and strain were analyzed: the early diastolic strain rate and strain (ESR and Ee), the late diastolic strain rate and strain (ASR and Ae), ESR-ASR ratio and Ee-Ae ratio.
Continuous variables were expressed as mean values and standard deviations. Differences between groups were compared using Student t test for independent groups and U Mann-Whitney test when the distribution of the variable was asymmetrical. Statistical significance was set at a probability value \0.05.
Results
Mean systolic blood pressure in the study group was significantly higher than in the controls (112.4 ± 12.9 vs.
103.7 ± 10.6 mmHg; p \ 0.01), while diastolic blood pressure in those groups remained non-different (59.9 ± 7.3 vs. 58.9 ± 6.5 mmHg; p [ 0.05); 8 children (25.0%) with arterial hypertension were included into the CoAHT group and the remaining 24 normotensive ones (75.0%) into the CoANT group.
The left ventricular mass index was significantly higher in the study group compared to control group (52.4 ± 9.4 vs. 72.8 ± 12.9 g/m 2 ; p \ 0.001). However, no significant differences in LVMI were found between CoAHT and CoANT subgroups (73.6 ± 16.1 vs. 72.6 ± 12.0; p [ 0.05).
The results of conventional echocardiographic parameters are presented in Fig. 3 . The statistical comparisons of the time velocity integrals of E, A, S, D, Ar behaved like respective maximal velocities. There were significant differences in the Doppler mitral inflow variables between the study group and the control group suggesting the left ventricular abnormal diastolic mechanics in children after the aortic coarctation repair. No differences between those groups were observed in the pulmonary venous flow indices. Statistical analysis revealed no significant differences of all conventional Doppler parameters between our population of hypertensive and normotensive children after the CoA surgical treatment.
The results of diastolic function assessment using mitral annulus motion, myocardial velocities, strain, and strain rate parameters are depicted in Table 1 . There were significant differences documented in the mean values of velocity of mitral annulus motion, global velocities of midcavity segments as well as the global strain rate and strain for the mid-cavity segments of the left ventricle between the study and control groups. The statistical differences regarding TDI parameters between hypertensive and normotensive patients after previous repair of CoA were not significant.
The E/E 0 ratio was significantly higher in the study group compared to the control group (8.3 ± 3.2 vs. 6.9 ± 1.4; p \ 0.05). This parameter did not differ between hypertensive and normotensive patients after the CoA surgical treatment (8.4 ± 3.9 vs. 8.2 ± 3.1; p [ 0.05).
Discussion
Arterial hypertension is often found in children the number of years following successful repair of the coarctation of the aorta in childhood. The incidence of arterial hypertension in this population ranges up to 75% depending on the age at the age at the time of repair and follow-up period [20, 22] . The systolic arterial hypertension and the exercise-induced hypertension are the leading problems. In our study, systolic arterial hypertension was found in 8 (25%) out of 32 children after the aortic coarctation repair. Progressive interstitial fibrosis could play a major role in the pathogenesis of left ventricular diastolic dysfunction in those patients. This pathology, along with thickening of the myocardial walls, increases ventricular rigidity compromising the stretching capability of the myofibrils. An increased proliferation of fibroblasts and the resulting influence on collagen synthesis plays a key role in this process [25, 26] . Ultimately, this leads to the elevation of ventricular filling pressure disproportionate to the ventricular volume. The results of our study employing conventional Doppler mode echocardiography revealed the abnormal left ventricular diastolic mechanics (evidenced by decrease in the maximal velocity of early filling wave and time velocity integral of E wave, increase of maximal velocity and time velocity integral of A wave, and decrease in E/A and EVTI/AVTI ratios in patients after surgical repair of CoA) as compared to the healthy children. In addition, significantly lower E wave deceleration time and prolongation of the left ventricular IVRT were observed in children from the study group compared to the control group.
Currently there are discrepancies in the findings of research trials using conventional Doppler echocardiography for the evaluation of diastolic function in patients after repair of CoA. Moskowitz et al. [27] found significantly lower E/A ratio in patients after repair of CoA than in healthy children. Leandro et al. [28] reported higher maximal velocity of A wave and lower E/A ratio in patients with the history of CoA compared to healthy children. Yet, no significant differences were documented for the time velocity integral of early mitral inflow wave or the maximal velocity of A wave and EVTI/AVTI ratio. However, on the contrary the analysis of mitral inflow profile by Trojnarska et al. [22] showed no abnormality of left ventricular diastolic mechanics in adults after the repair of CoA. Fig. 2 Curves of strain (a) and strain rate (b) analyzed using Q-LAB application of mid-cavity segment of left ventricular septal wall. Quantification of strain and strain rate parameters of mid-cavity segments of lateral, inferior and anterior left ventricular wall were performed similarly. Ee the early diastolic strain, Ae the late diastolic strain, ESR the early diastolic strain rate, ASR the late diastolic strain rate Fig. 3 The results of conventional Doppler parameters in the study group and control group (a) and in the CoAHT and CoANT subgroups (b). E the maximal velocity of early filling wave of the mitral inflow, A the maximal velocity of atrial filling wave of the mitral inflow, S the maximal systolic flow velocity in the right superior pulmonary vein, D the maximal diastolic flow velocity in the right superior pulmonary vein, Ar the maximal velocity of atrial reversal flow in the right superior pulmonary vein, IVRT isovolumic relaxation time, DA the A wave duration, EDT the E wave deceleration time, DAr the Ar wave duration, DAr -DA the difference between the duration of Ar and A waves, ns not significant
In our study, a disturbed mitral inflow with normal pulmonary venous flow were found. These results would rather suggest the impairment of left ventricular relaxation than abnormality of compliance.
Our TDI based results confirmed the presence of abnormal left ventricular diastolic mechanics in children after surgical repair of CoA. Significantly lower maximal velocity of the early diastolic mitral annulus motion and early diastolic velocities of mid-cavity segments of septal, lateral, inferior, and anterior left ventricular walls were found in the study group in comparison with the same parameters in healthy children. Moreover, children undergoing repair of CoA in the past were observed to have significantly lower maximal early-to-late diastolic velocity of mitral annulus motion ratio as well as early-to-late diastolic velocities of mid-cavity segments of septal, lateral, inferior, and anterior left ventricular walls ratios. Evaluation of E/E 0 ratio in our study showed significantly higher values of this parameter in study group than in control group. Analysis of strain parameters in mid-cavity segments of the left ventricle showed significantly lower early diastolic strain, higher late diastolic strain and a decrease in Ee/Ae ratio when compared to the control group. The analogous differences were found based on strain rate in the mid-cavity segments of the left ventricular walls.
The literature provides few reports on left ventricular diastolic function measured by means of TDI in children. Di Salvo et al. [11] observed significantly higher E/E 0 ratio and deceleration time of E wave in normotensive pediatric patients after surgical repair of CoA than in the age-matched healthy subjects. The same authors, as opposed to our findings, reported prolongation of the mitral A wave duration with concurrent lack of significant difference of the E/A ratio between the studied groups. Lam et al. [29] claimed a significant decrease in maximal velocity of early diastolic mitral annulus motion and an increase of E/E 0 ratio in adults after surgical repair of CoA versus control group. In adults, the E/E 0 ratio, among all echocardiographic left ventricular diastolic indexes, presents the highest correlation with left ventricular end-diastolic pressure and some authors use this parameter to stratify the risk of clinical manifestation of left ventricular failure [6, [30] [31] [32] [33] [34] [35] [36] . The data concerning E/E 0 ratio in children is not extensive and the detailed value of this parameter, which indicates the left ventricular diastolic dysfunction has not been determined yet. However, McMahon et al. [13] found the E/E 0 ratio as a promising predictor of cardiac arrest and ventricular tachycardia in children with hypertrophic cardiomyopathy.
Our study evaluated left ventricular diastolic function using strain and strain rate. Both of these parameters reflect local myocardial abnormalities therefore we used average values calculated from mid-cavity segments of septal, lateral, anterior, and inferior left ventricular walls. Currently there is no common recommendation how to estimate global left ventricular diastolic function with strain and strain rate parameters. Kim et al. [37] estimated global left ventricular diastolic function using the average value obtained in the basal, mid-cavity and apical segments of septal, lateral, anterior, and inferior walls. However, we did not find any previous study reporting left ventricular diastolic function evaluation with strain and strain rate specifically in children.
Our study did not provide evidence of significant differences between the subgroup of hypertensive and normotensive children after repair of CoA with respect to left ventricular diastolic function based on the analysis of standard echocardiographic parameters as well as TDI. The left ventricular diastolic dysfunction in hypertensive patients is mainly observed in subjects with concentric hypertrophy. In our study, we observed the impairment of left ventricular diastolic function in children with history of repair of CoA versus healthy children most likely results from increased left ventricular muscle mass maintained after the repair despite good outcomes of the cardiac surgery. Left ventricular mass index showed no significant differences between hypertensive and normotensive patients after the CoA repair. It may suggest that worsening of the left ventricular diastolic mechanics in patients after the CoA surgery is not only the result of arterial hypertension. It could be a consequence of the too old age at the time of surgery. Contemporary these patients are qualified to the elective surgical treatment mostly in the second year of age. Published data proved that aortic coarctation is not only a local anatomical pathology of the aortic isthmus but is associated with the persistent abnormalities of systemic precoarctational arterial function due to fibrosis and necrosis of the medial layer of arterial walls which leads to increased arterial stiffness and impaired reactivity [38] [39] [40] . Further research on left ventricular diastolic function in these patients over the longer postoperative period would be reasonable. 
Study limitations
The lack of significant statistical differences of echocardiographic parameters between the hypertensive and normotensive patients may be due to the small sample size.
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